Multistep proteolytic mechanisms are essential for converting proprotein precursors into active peptide neurotransmitters and hormones. Cysteine proteases have been implicated in the processing of proenkephalin and other neuropeptide precursors. Although the papain family of cysteine proteases has been considered the primary proteases of the lysosomal degradation pathway, more recent studies indicate that functions of these enzymes are linked to specific biological processes. However, few protein substrates have been described for members of this family. We show here that secretory vesicle cathepsin L is the responsible cysteine protease of chromaffin granules for converting proenkephalin to the active enkephalin peptide neurotransmitter. The cysteine protease activity was identified as cathepsin L by affinity labeling with an activity-based probe for cysteine proteases followed by mass spectrometry for peptide sequencing. Production of T he biosynthesis of enkephalin opioid peptides as well as numerous peptide neurotransmitters and hormones requires proteolytic processing of respective proprotein precursors within regulated secretory vesicles (1-4). The mature, processed enkephalin peptide is stored within these vesicles and undergoes stimulated secretion to mediate neurotransmission and cell-cell communication in the regulation of analgesia, behavior, and immune-cell functions. Secretory vesicles of neuroendocrine chromaffin cells (also known as chromaffin granules) contain enkephalin and its precursor proenkephalin (PE) (5, 6), with relevant prohormone convertases for converting PE into active enkephalin.
Multistep proteolytic mechanisms are essential for converting proprotein precursors into active peptide neurotransmitters and hormones. Cysteine proteases have been implicated in the processing of proenkephalin and other neuropeptide precursors. Although the papain family of cysteine proteases has been considered the primary proteases of the lysosomal degradation pathway, more recent studies indicate that functions of these enzymes are linked to specific biological processes. However, few protein substrates have been described for members of this family. We show here that secretory vesicle cathepsin L is the responsible cysteine protease of chromaffin granules for converting proenkephalin to the active enkephalin peptide neurotransmitter. The cysteine protease activity was identified as cathepsin L by affinity labeling with an activity-based probe for cysteine proteases followed by mass spectrometry for peptide sequencing. Production of T he biosynthesis of enkephalin opioid peptides as well as numerous peptide neurotransmitters and hormones requires proteolytic processing of respective proprotein precursors within regulated secretory vesicles (1) (2) (3) (4) . The mature, processed enkephalin peptide is stored within these vesicles and undergoes stimulated secretion to mediate neurotransmission and cell-cell communication in the regulation of analgesia, behavior, and immune-cell functions. Secretory vesicles of neuroendocrine chromaffin cells (also known as chromaffin granules) contain enkephalin and its precursor proenkephalin (PE) (5, 6) , with relevant prohormone convertases for converting PE into active enkephalin.
The primary PE-cleaving activity in chromaffin granules has been characterized as a cysteine protease complex known as ''prohormone thiol protease'' (PTP) (7) (8) (9) (10) . The cysteine protease activity cleaves PE and enkephalin-containing peptide substrates at paired basic residues, as well as at certain monobasic residues, to generate appropriate enkephalin-related peptide products. Cellular inhibition of PTP by a cysteine protease inhibitor results in reduced production of enkephalin (11) . Molecular identification of the protease component responsible for this cysteine protease activity will facilitate our understanding of multiple proteolytic enzymes that produce active peptides including the opioid [Met]enkephalin (ME) (12, 13) .
In this study the protease responsible for PE-cleaving activity in chromaffin granules was identified by using an activity-based probe for cysteine proteases (14, 15) combined with mass spectrometry (MS) for peptide sequencing. Results identified secretory vesicle cathepsin L as the enzyme responsible for the previously described PTP cysteine protease activity involved in enkephalin and neuropeptide production (7) (8) (9) (10) . Cathepsin L generated the active peptide ME by cleaving enkephalin-containing peptide substrates at native dibasic and monobasic sites. Notably, cathepsin L colocalized with ME in the regulated secretory pathway of chromaffin cells. In cathepsin L gene knockout (KO) mice (16) (17) (18) , ME levels in brain were reduced significantly; an increase in relative amounts of enkephalin precursor also occurred. These results provide evidence for a previously uncharacterized role for cathepsin L in secretory vesicles for the production of an endogenous peptide neurotransmitter, ME.
Methods
Affinity Labeling of PE-Cleaving Activity with DCG-04, an ActivityBased Probe for Cysteine Proteases. PE-cleaving activity was purified from bovine chromaffin granules as described (10) . Fractions enriched for PE-cleaving activity were affinity-labeled with DCG-04 or [ 125 I]DCG-04 (14, 15) and subjected to 1D or 2D SDS͞PAGE gels, transferred to nitrocellulose membranes, and detected with streptavidin-horseradish peroxidase. Proteins were observed by silver staining (10) .
were analyzed by the Protein Prospector MS-Fit search of the NCBI protein database, and the CID data were subjected to MS-Tag searches (http:͞͞prospector.ucsf.edu) or manually interpreted. Colocalization of Cathepsin L with ME in Chromaffin Cells by Confocal Microscopy. Immunofluorescence confocal microscopy of chromaffin cells, performed as described (19) , used rabbit anti-cathepsin L (Athens Research & Technology) and mouse anti-ME (Chemicon). Cathepsin L was detected with anti-rabbit IgG-Alexa Fluor 488 (green fluorescence, Molecular Probes), and ME was detected with anti-mouse IgG-Alexa Fluor 594 (red fluorescence). Colocalization of cathepsin L and ME was observed by merged images with the Nikon Eclipse 800 microscope coupled to a PCM-2000 confocal system and analyses with SIMPLE PCI software. Nuclei were observed by 4Ј,6-diamidino-2-phenylindole staining.
Immunoelectron Microscopy of Cathepsin L and ME in Secretory Vesicles. Secretory vesicles were isolated from bovine adrenal medulla by differential sucrose density centrifugation (10) and fixed in 0.2% glutaraldehyde͞2% paraformaldehyde in 0.1 M sodium cacodylate buffer, pH 7.2. Samples were osmicated in 2% osmium tetroxide in 0.1 M cacodylate and embedded in Epon 812. Ultrathin sections were partially deosmicated through 1% periodic acid͞9% sodium periodate and incubated in 3% normal goat serum in 1ϫ Tris-buffered saline. Sections were incubated with mouse anti-ME (Chemicon) and detected with secondary goat anti-mouse IgG conjugated to 6-nm colloidal gold (Aurion, Wageningen, The Netherlands). Sections were postfixed and immunostained with rabbit anti-cathepsin L (Athens Research & Technology) detected by goat anti-rabbit IgG conjugated to 15-nm colloidal gold. Sections were examined in a Tecnai-12 transmission electron microscope by using a charge-coupled device camera and DIGITAL MICROGRAPH software (Gatan, Pleasanton, CA) Stimulated Cosecretion of Cathepsin L and ME from Chromaffin Cells.
Chromaffin cells in primary culture (2 ϫ 10 6 cells per well) were stimulated with nicotine (10 M) or KCl (50 mM) for 15 min, and ME in the secretion medium was measured by an RIA as described (19) . For secretion of [ ME in Brains of Cathepsin L Gene KO Mice. Cathepsin L-deficient mice were generated by gene targeting in mouse embryonic stem cells as described (16) . Genotyping established WT (ϩ͞ϩ) and cathepsin L-deficient (Ϫ͞Ϫ) mice. Brain tissues from mice were homogenized in 1 M acetic acid, heated at 95°C for 10 min, centrifuged (15,000 ϫ g for 15 min), and the supernatant was analyzed for ME by an RIA (19) . The RIA did not crossreact with PE, expressed and purified from Escherichia coli as described (10); in addition, the RIA does not crossreact with basic residue extended forms of ME (Arg-ME-Lys, Lys-Arg-ME, ME-Lys, and ME-Lys-Arg). To measure relative amounts of enkephalin precursor compared with ME, ME was measured by an RIA in samples treated with trypsin and carboxypeptidase B (incubated with 1 g of trypsin for 4 h, followed by 1 h with 1 g of carboxypeptidase B at 37°C) and in untreated control samples. Protein content was measured with the Bradford reagent (Bio-Rad).
Results
Affinity Labeling of PE-Processing Activity (PTP) in Chromaffin Granules. The PE-processing activity known as PTP exists as a high molecular mass cysteine protease complex (180-200 kDa) that is potently inhibited by the cysteine protease inhibitor E64-c (7-11). To determine the protease component of this activity, affinity labeling was performed with the cysteine protease activity probe known as DCG-04 ( Fig. 1a) (14, 15) . Affinity labeling at various stages in the purification demonstrated enrichment of a DCG-04-labeled 27-kDa protease band (Fig. 1b) as well as labeling of a less abundant protease of 31 kDa (from S200 gel filtration and chromatofocusing steps; Fig. 1b ).
Inhibitor and differential affinity-labeling studies were performed to define the role of the 27-and 31-kDa polypeptides for PE-processing activity. The apparent molecular mass of the 31-kDa protein parallels that of the cysteine protease cathepsin B (21, 22) . Therefore, the effect of the selective cathepsin B inhibitor CA-074 (23, 24) on processing activity was tested. CA-074 had no effect on [ 35 S]enkephalin precursor-processing activity (Fig. 2a) . Notably, CA-074 did not block DCG-04 labeling of the 27-kDa band (Fig. 2b) but completely blocked the labeling of the 31-kDa polypeptide. These findings indicated that the 27-kDa protein was responsible for PE-processing activity. Moreover, CA-074 competition for DCG-04 labeling of the 31-kDa polypeptide suggested the identity of this protein as cathepsin B.
Peptide Sequencing by MS Identifies Cathepsin L as the Cysteine
Protease for PE Processing. 2D gels showed that the DCG-04-labeled 27-kDa protein consisted of three spots of similar molecular mass with virtually identical isoelectric points (Fig. 3a) . These spots were visualized by silver staining (Fig. 3b) , excised, and subjected to tryptic digestion followed by nanoelectrospray MS analyses. Identical tryptic peptide masses and CID (tandem MS) spectra were observed for all three spots, which corresponded to bovine cathepsin L (Fig. 4a) . The profile of the 10 tryptic peptides detected by nanoelectrospray MS analyses from spot 2 ( Fig. 4b) as well as from spots 1 and 3 corresponded to peptide sequences of cathepsin L represented by residues 142-153, 158-171, 172-191, 239-261, 262-273, and 274-288. In addition, the CID spectrum for the tryptic peptide (residues 262-273) (Fig. 4c ) established serine as residue 272, which clarifies earlier sequences submitted to GenBank that indicated cysteine or serine at this position (accession nos. 1705638, 1542853, and 3641698).
The three spots of cathepsin L indicate heterogeneity in the molecular forms of secretory vesicle cathepsin L. The identified tryptic peptides and the 26-to 28-kDa apparent molecular mass of the three spots correspond to the single-chain domain of cathepsin L. Because all three spots possess the COOH-terminal tryptic peptide (residues 273-288) of the single-chain form, it is likely that heterogeneity exists in their NH 2 termini. In addition, cathepsin L is known to exist as a glycoprotein with glycosylation at Asn-222 (21) . Although tryptic peptides containing Asn-222 were not detected in this study, evidence for the glycoprotein nature of the secretory vesicle cathepsin L was suggested by Con A-Sepharose as one of the steps for purification of the PE-cleaving activity (10) .
In addition, sequencing by an ion-trap mass spectrometer by microcapillary liquid chromatography tandem MS of tryptic peptides from the 31-kDa spot identified it as bovine cathepsin B (data not shown), thus confirming its predicted identity based on CA-074 inhibition of DCG-04 labeling of this band.
Cathepsin L Cleaves Enkephalin-Containing Peptides at Dibasic and
Monobasic Prohormone-Processing Sites. Production of ME by cathepsin L was assessed with the enkephalin-containing peptide substrates BAM-22P and peptide F, with identification of peptide products by MALDI-TOF MS. Cathepsin L, similar to the native cysteine protease activity (PTP), generated active ME by cleaving BAM-22P at the dibasic 2Arg-2Arg and monobasic 2Arg sites (Fig. 5a ). Peptide F was cleaved by cathepsin L at dibasic 2Lys-2Lys and 2Lys-Arg sites (Fig. 5b) . Some cleavage of peptide F occurred between Gly-Gly within ME (YGGFM), which has been observed for native PTP. Moreover, cathepsin L processing of full-length [ 35 S]enkephalin precursor produced identical products as those generated by native PTP (data not shown). The cleavage specificities of cathepsin L for dibasic and monobasic processing sites are appropriate for generating ME.
Cellular Colocalization of Cathepsin L with ME in Secretory Vesicles of
Neuroendocrine Chromaffin Cells. Involvement of cathepsin L in enkephalin production requires its localization to secretory vesicles that contain PE and ME. Colocalization of cathepsin L with ME was evaluated in these cells by immunofluorescence confocal microscopy ( Fig. 6a) , combined with immunoelectron microscopy (Fig. 6b) . Cathepsin L and ME immunofluorescence were colocalized and appeared as discrete, punctate immunostaining, which is consistent with a secretory vesicle localization. Moreover, neuritic extensions of chromaffin cells displayed discrete colocalization of cathepsin L and ME. Immunoelectron microscopy of cathepsin L and ME in secretory vesicles from chromaffin cells further confirmed their colocalization (Fig. 6b ). These results demonstrate the presence of cathepsin L with ME in secretory vesicles.
The presence of cathepsin L in enkephalin-containing secretory vesicles predicted its functional cosecretion with ME from chromaffin cells. Therefore, the cosecretion of [ 35 S]cathepsin L and ME during nicotine and KCl stimulation of these cells was evaluated. [ 35 S]Cathepsin L in secretion medium was detected by immunoprecipitation with an anti-cathepsin L antibody, and ME was measured by an RIA. Stimulated secretion of the 27-kDa [ 35 S]cathepsin L occurred with ME during nicotine-and KClinduced secretion (Fig. 6 c and d, respectively) . These findings indicate the presence of cathepsin L in the regulated secretory pathway.
Cathepsin L Gene KO Mice Possess Reduced Levels of ME in Brain. The role of cathepsin L in the production of enkephalin peptides was assessed further in cathepsin L-deficient mice (Ϫ͞Ϫ genotype) compared with WT controls (ϩ͞ϩ genotype). The content of ME in brain was measured by an RIA, which specifically detected ME and not PE or basic residue extended forms of ME. Notably, brain levels of ME in cathepsin L-deficient mice were reduced by Ϸ50% compared with control mice (Fig. 7a) . Relative ratios of enkephalin precursor to processed enkephalin was determined by measuring ME in tissue extracts treated with trypsin and carboxypeptidase B, which liberates ME from its precursor, compared with untreated extracts. Results (Fig. 7b ) demonstrated a higher ratio of precursor͞ME in brain tissue from cathepsin L KO mice compared with WT controls. These findings provide evidence for accumulation of enkephalin precursor in the cathepsin L KO mice. These findings also provide support for a functional role for cathepsin L in the production of enkephalin in brain.
In adrenals, it was of interest that ME levels in cathepsin L KO mice were increased significantly compared with WT controls (ME tissue levels were 3.25 Ϯ 0.70 and 18.88 Ϯ 3.52 pg of ME per mg of protein in adrenals from WT and KO mice, respectively, with P Ͻ 0.01 by t test). These findings suggest that in the absence of cathepsin L, compensatory regulatory mechanisms provided increased cellular levels of ME in adrenals. Overall, the decreased levels of ME in cortex of cathepsin L KO mice and the change in ME in adrenal together demonstrate participation of cathepsin L in regulating the production of the opioid neuropeptide ME.
Discussion
Regulated secretory vesicles of neuroendocrine chromaffin cells (known as chromaffin granules) contain ME that is generated by Electrospray mass spectrum of the unfractionated tryptic digest of DCG-04 affinity-labeled 27-kDa enzyme. The electrospray mass spectrum of tryptic peptides of spot 2 from the 2D gel (from Fig. 3a) is illustrated, which were also observed from spots 1 and 3. Primary sequences of these peptides corresponded to bovine cathepsin L, underlined in a. Ions representing the same species (Na Ϫ , K Ϫ adducts included) are labeled with the same symbol. (c) Low-energy CID spectrum of tryptic peptide (residues 262-273). The tryptic peptide (residues 262-273) was observed from DCG-04-labeled spots 1-3. The CID spectrum for this precursor ion of m͞z 703.27(2ϩ) [nomenclature of Biemann (32) ] indicated the peptide sequence Ser 262 -GlyIle-Tyr-Tyr-Asp-Pro-Asp-Cys(acrylamide)-Ser-SerLys 273 , thus establishing Ser-272 instead of Cys-272, which have both been reported in GenBank. C*, acrylamide-modified cysteine.
Fig. 5.
Cathepsin L cleaves dibasic and monobasic processing sites of enkephalincontaining peptide substrates, BAM-22P, and Peptide F. BAM-22P (a) and Peptide F (b) were incubated with cathepsin L, and peptide products were identified by MALDI-TOF MS. The sequence of ME, YGGFM, is underlined. MS spectra and monoisotopic masses of peptide products are shown in Fig.8 , which is published as supporting information on the PNAS web site, www.pnas.org. Cathepsin L cleavage sites are illustrated by solid arrows. Dotted-line arrows indicate secondary cleavage sites.
proteolytic processing of the PE precursor within such vesicles. The cysteine protease activity termed PTP represents the major PE-cleaving activity in secretory vesicles of chromaffin cells (7) (8) (9) (10) (11) . In this study affinity labeling with the activity-based probe DCG-04, combined with peptide sequencing by MS, provided molecular identification of secretory vesicle cathepsin L as the cysteine protease responsible for PE-processing activity. The identified cathepsin L fulfills the criteria expected of a proneuropeptide or prohormone-processing protease (1, 2, 25) . Cathepsin L, similar to native PTP activity, produced active ME by cleaving enkephalin-containing peptide substrates at paired basic and monobasic processing sites. Furthermore, cathepsin L converted full-length enkephalin precursor into intermediate products that are identical to those generated by native secretory vesicle cathepsin L (PTP) (data not shown and ref. 9) . Cathepsin L colocalized with ME in regulated secretory vesicles, as observed by immunofluorescence confocal and immunoelectron microscopy. Moreover, functional cosecretion of cathepsin L with ME occurred during nicotine and KCl stimulation of chromaffin cells. Finally, cathepsin L gene KO mice possess reduced ME levels, with an increased ratio of precursor͞ME in brains of cathepsin L KOs compared with WT controls.
These results demonstrate a previously uncharacterized biological function for secretory vesicle cathepsin L as a proteolytic processing enzyme for the production of active enkephalin. This newly identified function of cathepsin L in secretory vesicles contrasts with its well known function as a lysosomal protease involved in end-stage degradation of polypeptides (21) . Results of this study demonstrate that cathepsin L can be routed to secretory vesicles to generate products with distinct biological functions. In chromaffin cells, the high degree of colocalization of cathepsin L immunofluorescence with ME, confirmed by dual immunoelectron microscopy, demonstrates trafficking of cathepsin L to the regulated secretory pathway. In fact, earlier studies have indicated that cathepsin L is routed to immature secretory granules of insulinproducing cells, and a significant portion of cathepsin L remains as a resident protein of the mature secretory vesicle (26) . In addition, cathepsin L is present in secretory granules of pituitary GH4Cl cells and undergoes regulated secretion induced by the secretagogues forskolin and phorbol 12-myristate 13-acetate (27) . Regulated secretion of cathepsin L also occurs from human lung tumor cells (28) . Together, results from this study and others are consistent with a functional role for cathepsin L in secretory vesicles for producing active enkephalin and perhaps other peptides.
Evidence for a dual function of cathepsin L in secretory vesicles as well as lysosomes raises the question of how secretory vesicle cathepsin L may differ from lysosomal cathepsin L. Results from this study indicated that the molecular forms of cathepsin L in secretory vesicles differed from lysosomal cathepsin L. The secretory vesicle cathepsin L appeared as three spots of 26-28 kDa on 2D gels with DCG-04 affinity labeling; these spots differed slightly in apparent molecular masses but showed the same isoelectric points. In contrast, lysosomal cathepsin L (bovine) was composed of only one protein spot on a 2D gel, after DCG-04 labeling, of Ϸ27-29 kDa (S.Y. and V.H, unpublished results). In addition, the secretory vesicle cathepsin L is part of a high molecular mass complex of 180-200 kDa (10), whereas lysosomal cathepsin L is known as a single-chain form of Ϸ28 kDa (21) . The high molecular mass components of the complex (11) have been identified by peptide sequencing with MS as ␤-mannosidase and dopamine ␤-monooxygenase. It will be of interest for future studies to examine the functional roles of the protein components of the secretory vesicle cathepsin L complex. Overall, these findings implicate different molecular forms of secretory vesicle cathepsin L compared with lysosomal cathepsin L.
It is noted that the cleavage specificity of cathepsin L in secretory vesicles, representing native PTP activity (7) (8) (9) (10) , differs somewhat from the subtilisin-like prohormone convertases known as PC1 and PC2 (2) (3) (4) . Although all of these processing proteases recognize and cleave at paired basic residue sites, secretory vesicle cathepsin L (PTP) cleaves between the two residues of the dibasic site or at the NH 2 -terminal side of the paired basic residues. However, PC1 and PC2 preferentially cleave at the COOH-terminal side of paired basic residues within prohormones. The cleavage specificity of secretory vesicle cathepsin L (PTP) (7-9) predicts that peptide intermediate products will contain NH 2 -terminal basic residue extensions, which require processing by an aminopeptidase to remove these basic residues. Indeed, an aminopeptidase B-like activity is present within chromaffin granules for the removal of NH 2 -terminal lysine and arginine residues (29) . Moreover, the presence of in vivo PE-derived intermediates in adrenal medulla with basic residue extensions at their NH 2 termini (6) is consistent with the cleavage specificity of secretory vesicle cathepsin L.
Importantly, the cathepsin L gene KO mice contain reduced levels of brain ME, which represents approximately one-half of that in WT control brains. These findings substantiate a role for cathepsin L in the production of neuronal ME in brain. Adrenals showed a compensatory increase in ME in cathepsin L KO mice. Thus, in addition to the observed phenotypes of cardiomyopathy and hair loss in the cathepsin L KO mice (17, 18) , these mice possess changes in enkephalin and perhaps other peptide neurotransmitters or hormones.
PE processing in brain also involves the subtilisin-like PC2 protease, because mice that contain inactive PC2 possess partial reduction of ME in brain (30, 31) . The reduction of ME by approximately one-half in cathepsin L KO mice and the partial reduction of brain enkephalin in PC2-deficient mice indicate that ME production in brain involves cathepsin L as well as PC2.
In summary, results from this study provide evidence for a previously uncharacterized biological function of cathepsin L for the production of ME in the regulated secretory pathway. Secretory vesicle cathepsin L represents a newly identified proteolytic processing enzyme for the production of active enkephalin and possibly other peptide neurotransmitters or hormones. Fig. 7 . Regulation of ME in cathepsin L gene KO mice. (a) ME (Met-Enk) levels in brains of KO mice. ME levels in extracts of brain tissue from cathepsin L gene KO (Ϫ͞Ϫ) and WT control (ϩ͞ϩ) mice were measured by an RIA, shown as the mean Ϯ SEM, with 10 for each group. A significant decrease ( * ) in enkephalin levels in KO mice was observed (P Ͻ 0.013, two-tailed t test). (b) Ratio of precursor to enkephalin. The relative ratio of PE precursor to ME was determined by the ratio of ME measured (by an RIA) in tissue samples treated with trypsin and carboxypeptidase B compared with control untreated samples. A significant increase ( * ) in the ratio of precursor to ME in the KO mice was observed (P Ͻ 0.05, two-tailed t test).
